Childhood maltreatment is a significant risk factor for a wide range of adolescent and adult psychiatric disorders, including anxiety and depression. 1, 2 Although there is good evidence for alterations in psychological functioning following child abuse in the home 1 there remains a paucity of neuroimaging studies that have interrogated its impact on brain function. [3] [4] [5] [6] Such studies have the potential to identify prodromal indicators of psychiatric disorder; in other words, pinpoint latent neurobiological risk markers that may prefigure disorder-related patterns of neural activity. A particular advantage of techniques such as functional magnetic resonance imaging (fMRI) is its sensitivity in detecting subtle alterations in neural processing that may not be observable with behavioural indices. 7 To date only one fMRI study with child participants has investigated the impact of maltreatment in the home on emotional processing. 4 Maltreated children exhibited significantly greater bilateral activation of the anterior insula and of the right amygdala in response to angry faces, suggesting that exposure to abuse in the home is associated with a pattern of altered brain activity to threat comparable with that seen in several anxiety disorders 4, 8 and in soldiers exposed to combat. 9 Increased amygdala activation to negative facial cues has also been reported in fMRI studies investigating the impact of institutionalisation, 10, 11 which is a relatively severe form of early adversity, typically associated with a broader and more marked set of developmental impairments. 12 Related findings have been observed in event-related potential (ERP) studies of physically abused children. 5, 13, 14 Childhood adversity, therefore, appears to be associated with increased allocation of attentional resources to consciously processed threat cues.
A separate body of work in non-maltreated individuals with anxiety-related disorders has examined brain response to preattentive emotional processing (i.e. processing of stimuli presented outside of conscious awareness). A distributed network of phylogenetically ancient (largely subcortical) brain structures have been implicated in such 'pre-conscious' processing of affect cues, although several of these areas, including the amygdala, are also engaged during conscious processing. 15 There is now convincing evidence that such processing is altered in anxiety-related disorders. For example, adolescents with generalised anxiety disorder show greater amygdala activation when processing preattentively presented angry faces. 16 A similar pattern is also observed in adults with anxiety traits 17 and in patients with post-traumatic stress disorder (PTSD). 18, 19 The current study aimed to investigate functional brain activation in maltreated children during processing of pre-attentively presented facial affect cues 16 using a dot-probe paradigm. 20 We hypothesised that, relative to matched peers, they would show heightened neural response to facial expressions of anger but not happiness. It was expected that this selective response to threat cues would be associated with timing and severity of maltreatment experience. Such a pattern would point to differences in the very early stages of threat perception, prior to higher order strategic or regulatory processing, and constitute a possible marker of increased vulnerability to psychiatric disorder.
Method

Participants
Two groups of children were recruited from the London area. Children with documented exposure to physical abuse and/or intimate-partner violence who were in a stable home placement and who did not have any intellectual disabilities (maltreated group, n = 18) were recruited via a community Social Services department. Written informed assent was obtained from each child and written informed consent from a parent. Where there was shared parental responsibility, consent was obtained from the child's biological parent if still contactable and from Social Services.
Comparison children (non-maltreated group, n = 23) comparable on age, self-reported Tanner stage, gender, handedness, cognitive ability, socioeconomic status and ethnicity were recruited from 1 Amygdala activation in maltreated children during pre-attentive emotional processing Eamon Background Childhood adversity is associated with significantly increased risk of psychiatric disorder. To date, functional magnetic resonance imaging (fMRI) studies of children have mainly focused on institutionalisation and investigated conscious processing of affect.
Aims
To investigate neural response to pre-attentively presented affect cues in a community sample of children with documented experiences of maltreatment in the home.
Method
A masked dot-probe paradigm involving pre-attentive presentation of angry, happy and neutral facial expressions was employed. Eighteen maltreated children were compared with 23 carefully matched non-maltreated peers.
Results
Increased neural response was observed in the right amygdala for pre-attentively presented angry and happy faces in maltreated v. non-maltreated children. Level of amygdala activation was negatively associated with age at onset for several abuse subtypes.
Conclusions
Maltreatment is associated with heightened neural response to positive and negative facial affect, even to stimuli outside awareness. This may represent a latent neural risk factor for future psychiatric disorder.
Declaration of interest
None. secondary/primary schools and via advertisement in local newspapers and on the internet (Table 1) . Exclusion criteria included: history of abuse; history of neglect; exposure to intimate-partner violence as reported by the main carer on the Child Bad Experience Questionnaire 21 and the Dunedin Abuse Scales; 22 previous contact with Social Services regarding the child's care. Written informed assent and consent were obtained from the child and a parent(s) respectively. None of the participants reported a history of head trauma, neurological disease, a psychiatric diagnosis, were receiving pharmacological or psychological treatment, or presented with contraindications for MRI. The study was approved by UCL Ethics Committee (0895/002).
Measures
Maltreatment history
Social Services case files were used to obtain an accurate characterisation of a child's maltreatment history. Kaufman and colleagues' coding system 23 were used for this purpose. This measure allows the severity of four maltreatment subtypes (i.e. physical abuse, sexual abuse, neglect and emotional abuse) to be rated on a scale from zero (not present) to four (severe). Number of cases and mean severity scores for each maltreatment subtype on Kaufman's four-point scale are shown in Table 2 , and mean estimated age at onset and duration of each form of abuse was calculated for those participants where this information was available. As expected from a community sample, there was a high degree of overlap among abuse categories. Six cases from the maltreatment group were randomly selected and double-rated by a senior social work professional in relation to each form of abuse; there was 83.3% agreement in relation to the presence of physical abuse, neglect and sexual abuse and 100% agreement in relation to emotional abuse.
Child Bad Experience Questionnaire
Main carers were administered a standardised clinical interview protocol that includes probe questions on bullying, accidents, harsh discipline, physical and sexual abuse. 21, 24 
Intimate-partner violence
To screen for exposure to domestic violence in the non-maltreated group, the Physical Abuse Scale of the Dunedin Abuse Scales 22 was used to assess specific abusive behaviours from one intimate partner to the other. Respondents answered questions first about their behaviour towards their current or most recent partner and second about the partner's behaviour towards them. The measure yields separate scores for perpetration and victimisation, for both males and females. The Physical Abuse Scale contains all nine items of Straus's Conflict Tactics Scales 25 (such as slap, choke, beat up), plus four items describing other physically abusive acts (such as twisting arm, bodily throw).
Cognitive ability
The Vocabulary and Matrix Reasoning subscales of the Wechsler Abbreviated Scales of Intelligence 26 were used to provide an estimate of full-scale IQ.
Psychiatric symptoms
The self-report State-Trait Anxiety Inventory for Children (STAIC) 27 was used to measure state and trait anxiety, and consists of two separate 20-item self-report scales. The Mood and Feelings Questionnaire (MFQ) 28 , a 33-item self-report measure, was used to assess core depressive symptoms. The Trauma Symptom Checklist for Children -A (TSCC-A), 29 a 44-item self-report measure, was used to assess acute and chronic post-traumatic symptomatology and other symptom clusters. It includes five clinical scales (anger, anxiety, depression, post-traumatic stress, and dissociation). The Strengths and Difficulties Questionnaire (SDQ), 30 a. Note, all P were derived from t-tests with the exception of the gender, ethnicity and Tanner stage comparisons, which used the Fisher's exact test and the handedness comparison, which employed a w 2 test. b. The highest level of education attained by the mother or long-term foster mother was taken as an indicator of socioeconomic status and evaluated on a five-point scale (from zero for no formal qualification to five for postgraduate or professional qualification). carers, in order to provide an estimate of emotional symptoms as well as levels of hyperactivity symptoms and conduct problems.
Experimental paradigm
The fMRI task used identical parameters to those employed by Monk and colleagues. 16 Briefly, trials started with a 500 ms fixation cross in the centre of the screen (Fig. 1 ). Next, two photographs of an actor's face appeared side by side for 17 ms (pre-attentively). For the face trials, an angry or a happy facial expression was paired with a neutral facial expression of the same actor, while on neutral trials the two photos were identical and showed the actor with a neutral facial expression. Following the brief presentation of the faces, two scrambled faces (the mask) replaced the two faces for 68 ms. The mask was then replaced by an asterisk in one hemifield (on the same side as the emotional face for congruent trials and on the opposite side for incongruent trials) for 1100 ms. Participants indicated which side of the screen the asterisk was displayed on by pressing buttons with the index (indicating left) or middle finger (indicating right) of their dominant hand. Inter-trial intervals were 2300 ms. Previous studies using these parameters show that participants report minimal awareness of details of the briefly presented face stimuli. 16, 31 Eighty actors were each presented twice for a total of 160 trials (i.e. 32 trials for each of the five conditions: angry-neutral congruent, angry-neutral incongruent, happy-neutral congruent, happy-neutral incongruent, neutral-neutral) for each of the two runs. The order of the face trials was randomly determined for each participant. Forty blank trials of the same length as the face trials were also presented randomly. Performance was measured as reaction time and accuracy on the location of the probe. Prior to scanning, participants were trained on the task, but with different stimuli showing neutral faces only.
Image acquisition and analysis
Participants were scanned using a 1. Fig. 1 Examples of incongruent and congruent masked angry-neutral trials presented with the duration and name of each event for the two types of trials.
Happy-neutral and neutral-neutral trials (not shown) were also presented to participants.
participants viewed using a mirror mounted on the head coil (216138 of visual angle of the whole screen).
The images were pre-processed and subsequently analysed using SPM8 (www.fil.ion.ucl.ac.uk/spm/software/spm8), implemented in MATLAB 7.5 on Windows XP. After discarding the first six functional volumes of each session to allow for T 1 equilibrium, EPI images were spatially realigned to the first volume of the first run to correct for motion artefacts. These images were also corrected for geometric distortions caused by susceptibilityinduced field inhomogeneities. The field maps were processed for each participant's run using the FieldMap toolbox implemented in SPM8 to produce a voxel displacement map indicating the field distortions. The EPI images were then unwarped using the voxel displacement maps, normalised into standard anatomical space defined by the Montreal Neurological Institute (MNI) with a resampled voxel size of 36363 mm, and smoothed with an 6 mm full-width at half maximum Gaussian kernel filter. In line with Monk et al, 16 trials with incorrect behavioural responses or responses that were less than 200 ms or greater than 1100 ms were removed from fMRI analysis. The maltreated group had a mean of 7.1% (s.d. = 5.4%) of incorrect trials, whereas the comparison group had a mean of 4.4% (s.d. = 5.6%) of incorrect trials. Groups did not differ in the number of incorrect trials, t(39) = 71.57, P = 0.12.
After pre-processing, the smoothed, normalised functional imaging data were entered into a voxel-wise participant-specific general linear model (GLM) with five regressors for the masked faces (angry-neutral congruent, angry-neutral incongruent, happy-neutral congruent, happy-neutral incongruent, neutralneutral) and one regressor for the blank trials. Trials within each of these six regressors were modelled as stick functions based on trial onset, convolved with a canonical haemodynamic response function. In addition, to correct for residual effects of head motion, six participant-specific movement parameters (derived from the realignment phase of pre-processing) were included as regressors of no interest. An additional regressor of no interest was included to model nuisance trials (i.e. trials that contained incorrect responses, null responses or responses that were too fast or too slow). For 22 participants (11 in the maltreated group and 11 in the non-maltreated group) an extra regressor was included to model a small number of corrupted images resulting from motion greater than 1.5 mm (half the size of our voxel size acquisition). These images (410% of each participant's data) were removed and the adjacent images interpolated in order to prevent distortion of the between-participant mask. To remove low-frequency drifts, data were high-pass filtered using a set of discrete cosine basis functions with a cut-off period of 128 s.
The parameter estimates were calculated for all brain voxels using the GLM. Preliminary analyses revealed no effects of congruency, and so reported analyses collapse across congruent and incongruent trials for each emotion. Contrast images for 'angry4neutral' (i.e. the combination of angry-neutral congruent and angry-neutral incongruent4neutral-neutral) and 'happy4 neutral' (i.e. the combination of happy-neutral congruent and happy-neutral incongruent4neutral-neutral) were computed in participant-specific fashion. Next, the participant-specific contrast images were entered into separate second-level analyses for each contrast of interest, where group (maltreated group, nonmaltreated group) served as a between-participants variable in independent sample t-tests. The interaction between group and emotion for each contrast were then explored. The amygdala, our a priori region of interest, was anatomically defined based on the automated anatomical labelling bilateral mask from the WFU PickAtlas. 33 Within the amygdala mask we report results reaching significance at P50.05, family-wise error (FWE) corrected. Exploratory correlational analyses were conducted in SPSS version 19 on Windows XP to examine potential associations between brain activation and (a) maltreatment indices (severity, duration, age at onset) and (b) psychiatric symptoms for those indices where significant group differences or strong trends (i.e. P50.1) were observed. Peak voxel data were used as they reflect a weighted average of the surrounding voxels due to smoothing. Parametric and non-parametric correlations were used for normally distributed and non-normally distributed data, respectively. Finally, we also examined trends for group differences at whole brain level using a statistical threshold of P50.001 (uncorrected) with an extent threshold of k54 voxels, calculated according to the theory of Gaussian random fields.
Analysis of behavioural and questionnaire data
Criteria for determining the acceptability of trials in the behavioural analysis were the same as for the fMRI data analysis. Attention bias scores were derived from a standard formula, which involves subtracting for each participant the mean reaction time on trials where the emotion (angry or happy) face and probe appeared on the same side of the screen (congruent trials) from the mean reaction time on trials where the emotion face and probe appeared on the opposite side of the screen (incongruent trials). Positive bias scores (longer reaction times in congruent than incongruent trials) reflect the tendency to monitor the emotional stimulus, whereas negative bias scores reflect the tendency to avoid the emotional stimulus.
Results
Psychiatric symptom scores
The maltreated and non-maltreated groups did not differ on levels of STAIC anxiety and MFQ depression symptoms (Table 3 ). This was also reflected in the comparable levels of emotional symptoms across groups, reported by parents and carers on the SDQ. The groups differed, however, in relation to conduct problems and hyperactivity symptoms, with the maltreated sample showing on average higher levels of symptoms than their peers. Group differences in relation to levels of TSCC dissociation symptoms and PTSD symptoms were observed at trend level only (Table 3) .
Attentional bias on experimental paradigm
There was no statistically significant group difference in terms of attentional bias and reaction time to either angry or happy trials (Table 4 ). A repeated measures ANOVA indicated no significant main effects or interactions (group F(1,39) = 0.25, P = 0.62; emotion F(1,39) = 0.22, P = 0.65; congruency F(1,39) = 1.43, P = 0.24; emotion6congruency F(1,40) = 0.10, P = 0.75). Within each group separately there were no significant effects of congruency.
Brain activity
As hypothesised, the maltreated group, compared with the nonmaltreated group, exhibited greater activation in the right amygdala (x = +18, y = 71, z = 717; Z = 3.33; k = 2; P = 0.026 FWE corrected) when masked angry and neutral faces were contrasted ( Fig. 2a ). However, compared with the non-maltreated group, the maltreated group also exhibited greater activation in the right amygdala (x = +21, y = 71, z = 717; Z = 3.20; k = 3; P = 0.039 FWE corrected) when masked happy and neutral faces were contrasted (Fig. 2b) . Trends for group differences in activation outside of our amygdala region of interest are shown in Table 5 .
Correlational analyses
No significant correlations were found between amygdala activation and attentional bias scores in either group. However, in the maltreated group several significant associations were observed between amygdala activation and indices of maltreatment experience (Fig. 3) . Amygdala response to angry faces was negatively associated with age at onset of emotional maltreatment (r s = 70.70, P = 0.005; Fig. 3a ) and age at onset of neglect (r s = 70.72, P = 0.004; Fig. 3b ), implying that heightened amygdala response was associated with an earlier onset of these maltreatment subtypes. Consistent with this finding, duration of emotional maltreatment was positively associated with amygdala activation to angry faces (r s = 0.75, P = 0.001; Fig. 3c ) and happy faces (r s = 0.72, P = 0.003; Fig. 3d ). No significant associations were observed between amygdala activation (for either angry or happy faces) and psychiatric symptoms. However, a few trend-level associations were found (amygdala activation to angry faces and PTSD (r = 0.47, P = 0.06) and dissociation symptoms (r = 0.46, P = 0.06); amygdala activation to happy faces and dissociation symptoms (r = 0.46, P = 0.06)). All significant correlations reported above and depicted in Fig. 3 remained significant when PTSD and dissociation symptoms were included as covariates of no interest in partial correlation analyses.
Discussion
Our aim was to investigate the impact of maltreatment on preattentive processing of emotional cues in a community sample of children. Specifically, we used an established paradigm to investigate neural response to angry and happy faces. 16 As predicted, we found that maltreated children, compared with matched peers, showed greater activation in the right amygdala when processing angry faces. However, contrary to our original predictions, we also found elevated right amygdala activation in the maltreated group for happy faces. These findings suggest that maltreatment in the home is associated with alterations even in the earliest stages of affect processing to both positive and negative facial affect.
The increased activation of the amygdala in response to angry faces in the maltreated children is in line with previous ERP and fMRI findings that point to a pattern of 'hypervigilent' response to threat-related cues in children exposed to different forms of early adversity. 4, 13 The right-lateralised amygdala group finding is also in line with most previous effects reported for masked emotional stimuli. 34 The current findings extend previous ERP and fMRI work in maltreated children and point to a pattern of atypical neural processing of threat cues even outside of conscious 5 awareness. However, we also found heightened neural response to happy faces, which appears somewhat at odds with possible adaptation to 'threat-specific' cues only. 15, 16 One possibility is that previous studies have tended to use paradigms in which faces were presented for extended durations; by contrast, the current paradigm, by using pre-attentive presentation of faces, is likely to have indexed earlier stages of processing that are less amenable to higher-order strategic or regulatory influences. Future studies are required to explore whether differential response to pre-attentively presented happy faces has experiential or clinical sequalae. This pattern of heightened amygdala activation to both happy and angry faces in maltreated children points to broader alterations in affect processing than previously thought. Specifically, these findings suggest that maltreatment heightens neural response to emotional valence (either positive or negative) during the very early stages of facial processing, whereas a selective response to threat (such as anger) may only characterise later stages of processing. 4 Future studies using magnetoencephalography (MEG) may be helpful in delineating the time course of such processes. Our finding of significant associations between maltreatment experience and neural activation are consistent with the view that heightened amygdala activation to facial affect may represent an adaptation to environmental stress. In relation to emotional abuse, for example, earlier age at onset and longer duration of abuse were associated with greater neural response in the amygdala to angry faces. This finding suggests that amygdala activation is to some degree calibrated in line with length of exposure to environmental stress, with exposure during the first 2 years of life appearing particularly influential, consistent with related findings regarding amygdala structure. 35 In considering the research literature more broadly, it has been proposed that early detection of salient emotional cues accords functional and survival advantages 36 and there is now substantial evidence from human neuroimaging studies for a largely subcortical system that responds to pre-consciously processed emotional signals. 15 Several studies investigating clinical populations have reported heightened responsiveness of this subcortical system during early stages of affect processing. For example, adult soldiers with PTSD show greater amygdala response to pre-attentively presented threat cues, 37, 38 as do children and adolescents with generalised anxiety disorder. 16 We speculate that such heightened activation may represent an adaptation to environmental adversity conferring short-term functional advantages, for example improving the ability to rapidly detect affective cues in an abusive home environment. However, any such adaptation may incur longer-term costs for the child, limiting attentional resources for mastering age-appropriate skills in social and academic domains. In addition, heightened neural response to affect may increase vulnerability to psychopathology in the longer term. 4, 39 Although we have focused on atypical amygdala activation in line with previous studies of childhood adversity, 4,10,11 we also present preliminary evidence for atypical activation in a number of cortical and subcortical regions implicated in pre-attentive processing, including the cerebellum, thalamus and pallidum.
Limitations
A limitation of the current study is the use of a cross-sectional design, which constrains our ability to draw causal inferences between maltreatment exposure and the observed patterns of atypical neural response. Longitudinal studies are required to address issues of causality and whether observed differences remain over time. Another limitation, inherent in studying typically heterogeneous community populations of maltreated children, 40 is the difficulty in making specific inferences about individual forms of maltreatment. A third limitation relates to potential recruitment bias. Although the final sample included a number of families characterised by severe maltreatment histories, the voluntary nature of the recruitment process may have led to an underrepresentation of more disturbed and chaotic families. Finally, because of our sample size, we were unable to examine the influence of gender, which we know is associated with differential outcomes for boys and girls exposed to early adversity in general 41 
Implications
In conclusion, these findings suggest that exposure to maltreatment in the home is associated with an atypical pattern of neural adaptation. 4, 13 We demonstrate for the first time that childhood maltreatment is associated with increased amygdala activation to pre-attentively presented positive and threatening faces. In other words, maltreated children show a general pattern of atypical affect processing, even outside of conscious awareness. Given the evidence that pre-attentive affect processing is also altered in individuals with anxiety disorders, we suggest that this pattern of heightened amygdala activation in maltreated children may constitute a latent neural risk marker, associated with increased vulnerability to future psychiatric disorder. 4 Seventeen maltreated children were identified as having been exposed to emotional abuse, but information about age at onset was only available for 14 participants, whereas information about duration was only available for 15 participants (note that for the plots depicting duration in panels (c) and (d), two data points overlap for 5 years' duration).
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